We previously compared the expression of several human factor VIII (fVIII) transgene variants and demonstrated the superior expression properties of B domain-deleted porcine fVIII. Subsequently, a hybrid human/porcine fVIII molecule (HP-fVIII) comprising 91% human amino-acid sequence was engineered to maintain the high-expression characteristics of porcine fVIII. The bioengineered construct then was used effectively to treat knockout mice with hemophilia A. In the current study, we focused on optimizing self-inactivating (SIN) lentiviral vector systems by analyzing the efficacy of various lentiviral components in terms of virus production, transduction efficiency and transgene expression. Specifically, three parameters were evaluated: (1) the woodchuck hepatitis post-transcriptional regulatory element (WPRE), (2) HIV versus SIV viral vector systems and (3) various internal promoters. The inclusion of a WPRE sequence had negligible effects on viral production and HP-fVIII expression. HIV and SIV vectors were compared and found to be similar with respect to transduction efficiency in both K562s and HEK-293T cells. However, there was an enhanced expression of HP-fVIII by the SIV system, which was evident in both K562 and BHK-M cell lines. To further compare expression of HP-fVIII from an SIV-based lentiviral system, we constructed expression vectors containing the high expression transgene and a human elongation factor-1 alpha, cytomegalovirus (CMV) or phosphoglycerate kinase promoter. Expression was significantly greater from the CMV promoter, which also yielded therapeutic levels of HP-fVIII in hemophilia A mice. Based on these studies, an optimized vector contains the HP-fVIII transgene driven by a CMV internal promoter within a SIV-based lentiviral backbone lacking a WPRE.
INTRODUCTION
Hemophilia A is a monogenic disease caused by mutations in the gene encoding human factor VIII (fVIII), resulting in the inability to properly form a blood clot. Hemophilia A is a prime candidate for gene therapy in that only a moderate increase in fVIII (2-5% of normal equating to 2-5 ng ml À 1 ) is required to be therapeutically effective. In addition, the current treatment, consisting of repetitive prophylactic administration of recombinant fVIII as a means of protein replacement, is expensive, invasive and does not always result in patient compliance. Further complicating the current therapy, 30% of individuals with severe and moderately severe hemophilia develop an immunogenic response in the form of neutralizing antibodies against the administered fVIII. 1 These inhibitors make managing a bleeding episode extremely complicated. Therefore, new therapeutic approaches are needed to treat hemophilia A. fVIII gene therapy attempts to rectify the presence of a mutant F8 gene with either the addition of a functional gene or correction of the original gene. In the case of gene addition, delivery of the fVIII cDNA is not restricted to a certain cell type because, theoretically, any tissue with exposure to the vasculature is suitable as a cellular target. In addition, the therapeutic window is large, as fVIII levels as high as 150% of normal have not been associated with adverse effects such as thrombosis. 2 As a result, a number of viral and non-viral delivery strategies have been postulated.
Despite promising preclinical data, hemophilia A gene therapy clinical trials have not progressed past phase 1 trials due to limited expression of fVIII. [3] [4] [5] Although each trial was unique in regards to the cell type modified and the viral vector used, all trials yielded less than therapeutic levels of fVIII. To overcome low level transgene expression, we recently compared several highexpression fVIII transgene sequences and demonstrated enhanced expression of a B domain-deleted porcine fVIII sequence, both in vitro and in vivo. [6] [7] [8] Upon comparison of a series of hybrid human/porcine cDNAs, the domains responsible for the high expression characteristics of porcine fVIII were identified as the A1 and A3 domains. 9 These findings resulted in the construction of a high expression human/porcine transgene. The bioengineered construct was then introduced via lentiviral vectors into hematopoietic stem cells ex vivo and used to effectively treat fVIII knockout mice with hemophilia A, yielding therapeutic levels of fVIII. 10 Further optimization resulted in the inclusion of the porcine C1 domain and three alanine substitutions in the A2 domain to reduce immunogenicity. 11, 12 The final highexpression B domain-deleted fVIII transgene (HP-fVIII) contains human A2 and C2 domains in addition to porcine A1, A3 and C1 domains. This HP-fVIII has been shown to maintain the high expression characteristics of porcine fVIII. 10 Lentiviral vectors are promising vectors for the delivery of the fVIII transgene because they provide stable integration and are able to transduce both dividing and non-dividing cells. 13 Lentiviral vectors, unlike adeno-associated viral vectors, are less constrained by the size of the transgene. Vector size constraints are an issue for fVIII gene therapy as the B domain-deleted fVIII cDNA is approximately 4.4 kb (for review see Johnston et al. 14 ) . For these reasons, lentiviral vectors are reasonable for gene therapy applications aimed at the treatment of hemophilia A utilizing ex vivo modification of hematopoietic stem cells. Within lentiviral vectors, a woodchuck hepatitis post-transcriptional regulatory element (WPRE) is routinely added to the 3 0 end of the transgene. The inclusion of this sequence is for increased transgene expression, as it has been demonstrated that a two to fivefold increase in expression is achieved with a WPRE sequence, which in part is due to an increased export of mRNA and possibly due to facilitating transcript processing. [15] [16] [17] However, a recent report showed that enhanced transgene expression in the presence of a WPRE sequence was dependent on the promoter and cell line used, where in some instances the inclusion yielded no increase or decreased expression. 17, 18 In addition, the WPRE codes for the first 60 amino acids of the hepadnavirus X protein, a protein that has been linked to oncogenesis. 19 Therefore, the function of the WPRE appears to be more complex than originally assumed and may need to be evaluated in conjunction with individual transgenes, which has not been done for fVIII.
Previous studies have focused on optimizing the fVIII transgene for enhanced fVIII expression (for review see Doering and Spencer) , 20 but the components of the viral vector system have not been as well characterized. This report focuses on optimizing the lentiviral vector for virus production, transduction efficiency and transgene expression with the use of a fVIII transgene that has been bioengineered for high level fVIII expression (HP-fVIII). The optimized lentiviral vector was utilized in ex vivo hematopoietic stem cell transduction studies to determine in vivo HP-fVIII expression.
RESULTS
Assessment of the requirement for a WPRE sequence for the production of virus containing an HP-fVIII transgene A recent report showed that enhanced transgene expression as a result of a WPRE is dependent on both the promoter and cell line used, and should thus be assessed for individual transgene scenarios. 18 The WPRE was evaluated in the context of an optimized HP-fVIII transgene. Both SIV and HIV expression plasmids were constructed with and without a WPRE sequence ( Figure 1a ) and used to produce recombinant viral vector from HEK-293T cells. Virus, with and without a WPRE, was generated in triplicate under identical conditions. Unconcentrated viral supernatant then was used to transduce HEK-293T cells to assess viral titer. In this manner, viral production was analyzed in the context of a highly transducible cell line for comparisons. DNA was extracted from the transduced cells and analyzed for viral copy number by qPCR. For both lentiviral vectors, assuming equal transduction efficiency, the absence of a WPRE did not affect viral production (P ¼ 0.436 for SIV and P ¼ 0.309 for HIV) (Figure 1b ).
Evaluation of the expression of the HP-fVIII transgene from lentiviral vectors containing a WPRE element Two independent internal promoters and vector systems then were used to evaluate the effects of a WPRE on expression, an elongation factor-1 alpha (EF1a) promoter in an HIV lentiviral system and a cytomegalovirus (CMV) promoter in a SIV lentiviral system. The HP-fVIII expression constructs were transiently transfected into HEK-293T cells. Forty-eight hours later, HP-fVIII expression was quantified using an activated partial thromboplastin (APTT) reagent-based one-stage coagulation assay. Comparison of HP-fVIII expression showed that the WPRE did not enhance expression of the transgene driven from either an EF1a (P ¼ 0.465) or a CMV (P ¼ 0.757) internal promoter ( Figure 1c ). To ensure that this effect was not specific to expression after transient transfection of HEK-293T cells, HeLa cells, two hematopoietic cell lines (EU1 and K562 cells) and HEK-293T cells were transduced with the HIV-based lentiviral vector system and assessed for HP-fVIII activity. No difference in HP-fVIII expression was observed in any cell line when comparing cells transduced with vectors containing a WPRE to those without ( Figure 1d ). The lack of effect was further analyzed in a hematopoietic context in which two hematopoietic cell lines (EU1 and K562s) were transduced with the SIV-based lentiviral vector system. HP-fVIII expression was assessed at both the transcript and protein level. To correct for transduction efficiency, transcript and fVIII activity levels were normalized to copy number for each viral preparation. No enhancement in HP-fVIII transcripts was observed when a WPRE was included in the lentiviral vector ( Figure 1e ). As shown in Figure 1f , a similar observation was noted for the activity of expressed HP-VIII from transduced K562 cells when normalized to copy number. However, significantly more activity was observed from EU1 cells that were transduced with a SIV viral vector devoid of a WPRE sequence than those that were transduced with a SIV virus containing a WPRE sequence (P ¼ 0.009) ( Figure 1f ). This relative enhancement was not observed upon normalization of HP-fVIII activity to transcripts ( Figure 1g ). We have previously demonstrated a correlation between fVIII transcript number and fVIII activity. 10 However, less correlation has been documented between copy number and fVIII expression and would account for the lack of enhancement seen as a result of HP-fVIII activity normalization to transcripts. 21 In addition, no statistically significant difference was found in the amount of transcriptional read-through when a WPRE sequence was present as compared to when it was removed (P ¼ 0.905) (data not shown). Taken together, these data demonstrate that the WPRE does not enhance viral titer, transduction or HP-fVIII expression, and led to the removal of the WPRE element from both the HIV-based and SIV-based lentiviral vectors in subsequent studies.
Evaluation of a codon optimized HP-fVIII transgene
To test the usefulness of codon optimization of HP-fVIII, the transgene was codon optimized for codon usage, the removal of mRNA secondary structures, as well as an increase in GC-content from approximately 48 to 52%. In addition, a Kozak sequence was included for increased translation initiation. The optimized high expression fVIII cDNA has 76% sequence identity at the nucleotide level to the original non-optimized sequence. HIV-based lentiviral expression plasmids containing either the non-optimized or the codon optimized HP-fVIII transgene regulated by the EF1a internal promoter without a WPRE sequence were transiently transfected into HEK-293T cells. No enhancement in HP-fVIII activity was noted from these cells as assessed by an APTT reagent-based one-stage coagulation assay 48 h post transfection (P ¼ 0.07) (data not shown). In addition, HEK-293T and K562 cells were transduced at an multiplicity of infection (MOI) of 1, 5 or 25, and assessed for HP-fVIII activity 1 week later. No significant enhancement was noted in HP-fVIII activity with the use of a codon optimized HP-fVIII transgene within HEK-293T cells (Figure 2a ). However, greater expression of HP-fVIII was achieved at the highest MOI tested in K562 cells transduced with a HIV-based lentivirus containing the non-optimized HP-fVIII transgene (Figure 2a ). In addition, BHK-M cells were serially transduced with an HIV-based lentivirus containing either the non-optimized or the codon-optimized high expression fVIII transgene. No enhancement in HP-fVIII activity was noted with the use of a codon optimized HP-fVIII transgene ( Figure 2b) . Together, this data shows that the codon optimized transgene did not enhance expression.
Comparison of the transduction efficiency and HP-fVIII expression of HIV and SIV-based lentiviral vectors containing the HP-fVIII transgene
To determine if there are inherent differences in HP-fVIII expression between HIV and SIV gene transfer systems, HIV-and SIV-based expression plasmids were produced in which the only differences were derived from the vector system itself ( Figure 3a ). The HP-fVIII transgene was expressed in both lentiviral vectors from the EF1a internal promoter. Expression plasmids were used to produce virus from HEK-293T cells under identical conditions three separate times. Virus was quantified by assessing viral titer using 1 ml unconcentrated viral supernatant, which was added to the highly transducible HEK-293T cell line as a baseline for comparison. Viral copy number was determined utilizing qPCR with primers specific for the HP-fVIII transgene and compared between HIV-and SIV-transduced cells. Unconcentrated viral vector titers were significantly higher with the SIV vector system (P ¼ 0.014) (data not shown). Recombinant HIV and SIV then was . Unconcentrated viral supernatant (0.5 ml) was used to transduce HEK-293T cells. Seventy-two hours later, genomic DNA was isolated from the transduced cells and used to assess viral copy number by qPCR. (c) To assess HP-fVIII activity, the expression plasmids were transiently transfected into HEK-293T cells. HP-fVIII activity was detected by an APTT reagent-based one-stage coagulation assay 48 h post transfection. Twenty-four hours before the APTT reagent-based one-stage coagulation assay, conditioned media was replaced with AIM-V (serum-free). Each bar represents the mean ± standard deviation of six wells measured in duplicate. (d) HP-fVIII activity was measured following viral transduction of HEK-293T, HeLa, K562 and EU1 cells with an HIV-based lentivirus virus at increasing MOIs (MOI 5, 25 and 125). As a negative control, the cells were transduced with an HIV-based lentivirus encoding the GFP transgene (MOI 125). (e) An SIV-based lentivirus also was used to assess HP-fVIII expression in EU1 and K562 cells (MOI 1). Seventy-two hours post-transduction, genomic DNA and total RNA were isolated from the cells. HP-fVIII transcripts and HP-fVIII copy number was assessed by qRT-PCR and qPCR, respectively. (f ) HP-fVIII activity was assessed 24 h after exchange of conditioned media with serum-free AIM-V media by an APTT-reagent based one-stage coagulation assay. (g) HP-fVIII activity was normalized to transcript levels. Each bar represents the mean±standard deviation of three wells measured in duplicate. P values were derived from a Student's t test.
used to transduce BHK-M, K562 and HEK-293T cells at a MOI of 5. Seventy two hours after viral addition, transduction efficiency was measured by analyzing the copy number of HP-fVIII by qPCR. As previously observed (Figure 1d ), BHK-M and K562 cells are transduced less efficiently with lentiviral vectors than HEK-293T cells, as noted by lower HP-fVIII copy numbers ( Figure 3b ). Comparison of the two vector systems within cell lines, on the other hand, did not show any difference with respect to the transduction efficiency in both K562 cells (P ¼ 0.837) and HEK-293T cells (P ¼ 0.120) ( Figure 3b ). Identical copy numbers in HEK-293T cells were observed and expected as these cells were used to calculate viral titer ( Figure 3b ). However, a slight difference was seen with BHK-M cells. Greater copy numbers were noted when a SIV-based vector was used to transduce BHK-M cells compared with the HIV-based vector (P ¼ 0.045).
RNA was extracted and fVIII transcripts were quantified using qPCR from the BHK-M, K562 and HEK-293T cells transduced with either HIV-or SIV-based vectors. BHK-M cells were included in this analysis as a high-expressing fVIII cell line. It was expected that the expression of the transgene would be similar between the two viral vectors, as similar MOIs were used and similar copy numbers were determined. However, there was enhanced HP-fVIII RNA expression by the SIV system, which was evident in both BHK-M (Po0.001) and K562 (P ¼ 0.019) cell lines (Figures 3c and d) . Enhanced HP-fVIII RNA levels were confirmed by northern blot analysis (Figure 3f upper panel). Supernatants from the transduced cells were used to assess HP-fVIII activity by an APTT reagentbased one-stage coagulation assay. HP-fVIII activity was significantly increased for K562 (P ¼ 0.006) and BHK-M (Po0.001) cells transduced with SIV ( Figure 3e ). In K562 and BHK-M cells, greater RNA levels led to greater protein production. This is consistent with previous findings that showed a strong correlation between RNA and fVIII activity. 10 Based on this set of data, the SIV-based vector system was selected for further studies.
Comparison of three internal promoters for the expression of HP-fVIII Self-inactivating (SIN) vectors require internal promoters for transgene expression due to the inactivation of the viral 5 0 long terminal repeat (LTR) upon transfer of the U3 deletion during integration. A balance between adequate transgene expression and the elimination of transactivation of nearby genes must be maintained by the internal promoter. Three ubiquitous heterologous promoters, varying in enhancer activity, were evaluated in transduced HEK-293T cells. The human EF1a promoter, CMV promoter and yeast PGK (phosphoglycerate kinase) promoter were incorporated into the SIV expression plasmid and used to produce virus under identical conditions (Figure 4a ). Viral titer was determined for each vector by qPCR. Vector then was added to HEK-293T cells at an MOI of 3. HEK-293T cells, although unable to accurately depict the transcription profile of HP-fVIII from sca-1 þ cells, were chosen due to the inherent superior transduction capabilities as compared with the hematopoietic EU1 and K562 cell lines. Transgene expression was greatest when driven by the CMV promoter and least by the PGK promoter as evaluated by the level of HP-fVIII transcripts from transduced cells (Figure 4b ). In addition, HP-fVIII activity normalized to copy number showed that HP-fVIII activity is greatest when expression is driven by the CMV promoter and least by the PGK promoter ( Figure 4c ).
Assessment of an optimized lentiviral vector expressing HP-fVIII in hemophilia A mice Based on the above analyses, an SIV-based lentiviral vector containing the HP-fVIII transgene expressed from a CMV promoter without the inclusion of a WPRE was predicted to be optimal for HP-fVIII expression in vitro. This construct then was evaluated in vivo in hemophilia A mice. Sca-1 þ cells were isolated from CD45.1 mice and transduced with the optimized SIV vector encoding HP-fVIII. CD45.1 sca-1 þ cells were transduced twice, 24 h between transductions, at an MOI of 15 each time, which resulted in 30-60% transduction efficiency with similar eGFP-encoding vectors. However, with fVIII-containing vectors, only 3-10% is expected as previous findings showed a 10-fold lower transduction efficiency when using a vector encoding fVIII as compared to eGFP (data not shown, Doering et al. 10 ). Transduction protocols were designed to ensure that transduced cells would only contain, on average, one or fewer copies of the vector. The transduced sca-1 þ cells then were transplanted into lethally irradiated (11 Gy split dose total body irradiation) hemophilia A mice. Three months after transplantation, donor cell engraftment was measured by flow cytometry. Average engraftment in the peripheral blood and spleen was shown to be approximately 90% (Figure 5a ). Every 2 weeks, HP-fVIII levels were quantified by an ELISA assay. HP-fVIII levels persisted for the duration of the study (4 months) with a range between 2 and 20 ng ml À 1 (Figure 5b) . A Coatest activity assay showed a similar HP-fVIII expression profile (Figure 5c ). Seventy-two hours post-transduction, total RNA and genomic DNA were isolated from the cells and quantified by qPCR for transcript levels. (c) Twenty-four hours before isolation, the conditioned media was exchanged for serum-free AIM-V to assess HP-fVIII activity, which was normalized to copy number to correct for transduction efficiency. Each bar represents the mean±standard deviation of three wells. P values were determined by a one-way ANOVA.
Copy numbers in six mice remained below the detectable level of five percent gene-modified cells by qPCR with one each having 0.07, 0.10, 0.11 and 0.14 vector copies per genome. No correlation between copy number and HP-fVIII expression was observed in these mice.
DISCUSSION
To date, three clinical trials have been initiated for gene therapy applications to treat hemophilia A. [3] [4] [5] However, each trial failed to yield sustained therapeutic levels of human fVIII. To overcome the obstacle of limited expression, a human/porcine fVIII hybrid has been constructed exhibiting expression 19-fold higher than human B domain-deleted fVIII. 10 Further optimization of the transgene resulted in a theoretically less immunogenic high expression fVIII transgene. With the production of an extensively optimized transgene, efforts can now be directed toward optimizating the viral vector for transgene delivery and expression.
A number of viral vectors have been considered for the modification of cells including both nonintegrating and integrating vectors. Nonintegrating vectors, such as the adenoviral and adeno-associated viral vectors, exist within cells extrachromosomally and are limited by potential vector genome loss. Yet, adenoviral vectors and adeno-associated viral vectors are appealing in that they efficiently transduce both dividing and nondividing cells. With respect to the treatment of hemophilia A, adenoviral vectors have been used in neonates to produce tolerance 22, 23 but currently are less clinically desirable due to toxic side effects experienced in clinical trials. 24 However, adenoassociated viral vectors are being extensively evaluated for use in gene therapy, especially for hemophilia B. Unfortunately, adeno-associated viral vectors are limited by their genetic carrying capacity. The vector cassette associated with the 4.4-kb of the B domain-deleted fVIII cDNA, including regulatory elements, is at and above the carrying capacity of an adeno-associated viral vector for the treatment of hemophilia A. Several groups are attempting to overcome this limitation by separating the genetic payload, that is, the heavy chain and light chain of fVIII, into two different vectors. 23, 25, 26 Other groups are attempting to minimize the regulatory elements by utilizing smaller internal promoters. [27] [28] [29] [30] [31] Several groups have focused on the use of integrating viral vectors such as lentiviral vectors. Lentiviral vectors are suitable vectors for hemophilia A gene therapy applications in that they (1) stably integrate within the host genome, (2) are able to transduce quiescent cells and (3) can encapsulate large transgenes such as HP-fVIII. Although insertional mutagenesis was observed clinically with the use of integrating g-retroviral vectors, 32, 33 to date similar issues have not been observed with lentiviral vectors. [34] [35] [36] This may be due to integration site preferences between the two vectors. In addition, clinically used lentiviral vectors contain safety measures that are now routinely incorporated, including a 133-bp deletion within the U3 region of the 3 0 LTR that self-inactivates the vector, creating a replication incompetent or SIN vector 37, 38 (for review see Pauwels et al.) . 39 Comparative studies have shown that SIN lentiviral vectors are less oncogenic than g-retroviruses. 40, 41 A WPRE often is incorporated into lentiviral vectors as the demonstration of 2-to 5-fold enhanced GFP and luciferase expression. [15] [16] [17] However, a recent report showed that the enhanced expression was dependent on the promoter and cell line used, and in some scenarios, the presence of a WPRE resulted in a decrease in transgene expression. 18 It is apparent that the WPRE is more complex than originally assumed and requires individual transgene evaluation. With the HP-fVIII transgene, the WPRE was found to be negligible in regards to viral production, transgene expression and transcriptional read-through. Therefore, for our high expression construct, there appears to be no benefit to include a WPRE. However, it may be useful for lower expressing fVIII constructs and should be tested in conjunction with each.
Codon usage bias within species can result in ribosomal stalling at rare codons during translation. For this reason, algorithms have been designed to optimize the translation process to ensure efficient protein production. A variety of other features are included in the codon optimization process including the elimination of mRNA secondary structures and the inclusion of translational performance sequences. Codon optimization of our high expressing hybrid fVIII transgene did not enhance HP-fVIII expression. The lack of enhancement was noted with both HEK-293T, K562 and BHK-M cells. It is of note that although a less robust EF1a internal promoter was utilized still no enhancement Figure 5 . In vivo expression of the optimized vector in transplanted hemophilia A mice. Sca-1 þ cells were isolated from CD45.1 mice and transduced with the optimized vector with an MOI of 15 ( Â 2). Approximately, 1 Â 10 6 cells were transplanted into hemophilia A mice (CD45.2) (n ¼ 14). (a) Engraftment was measured from peripheral blood and splenocytes of three mice and was assessed 3 months after transplant by flow cytometry. (b) HP-fVIII expression levels were assessed within the mice every 2 weeks following transplantation by an ELISA. (c) A chromogenic test (Coatest assay) was used to assess HP-fVIII activity in a subset of mice (n ¼ 3).
was observed in this analysis. This is contrary to previous observations that showed increased activity after codon optimization of a human fVIII transgene. 42 The ineffectiveness of the codon optimization process to enhance the expression of HP-fVIII may be due to the innate high expressing characteristics of HP-fVIII. Besides potentially eliminating ribosomal stalling, another possible mechanism for the enhanced levels of fVIII from a codon optimized fVIII transgene could be due to the removal of transcriptional silencers and/or inhibitory sequences found within the human fVIII cDNA and not within the porcine fVIII domains. [43] [44] [45] [46] The HIV-and SIV-based vector systems also were analyzed in this study in regards to HP-fVIII expression. The production of HIV and SIV lentiviral vectors were optimized separately. Using standard production conditions, higher viral titers routinely were achieved with the SIV system compared with HIV. After each viral preparation was quantified with respect to viral titer, transduction at identical MOIs yielded integration events that were not statistically different in K562 and HEK-293T cells. However, BHK-M and K562 cells transduced with SIV expressed HP-fVIII more efficiently than those cells transduced with identical amounts of HIV. This suggests that although SIV and HIV integrated at similar levels, the integration events of SIV may be within regions of the genome that promoted greater expression than those regions where HIV integrated. This potential difference requires further study to test this hypothesis. It is interesting that this same phenomenon was not observed with a GFP transgene (data not shown) and that the enhanced expression of HP-fVIII also was not seen with HEK-293T cells. This suggests a potential transgene and cell type specificity of SIV enhancement. This data also suggests that SIV is, at a minimum, as efficient at gene transfer and expression of HP-fVIII as HIV. SIV-based vectors may be a safer option for gene therapy applications to combat hemophilia A as a number of adults with hemophilia are HIV-1 positive after receiving plasma-derived fVIII infusion products before HIV testing became routine. The use of HIV vectors can raise safety concerns due to possible recombination events of the vector and wild-type HIV. SIV, on the other hand, is less likely to recombine due to sequence differences between HIV and SIV.
Different internal promoters also were tested as a component of the expression vector for HP-fVIII expression. SIN-lentiviral vectors require internal promoters to direct expression of the transgene due to the inactivation of the 5 0 LTR during integration. This safety feature removes the enhancer element of the LTRs preventing transactivation of nearby genes. Therefore, the internal promoter must be sufficiently strong to provide adequate expression of the transgene without having the capacity to transactivate genes nearby. Not surprisingly, the CMV promoter was superior to the EF1a and PGK promoters at expressing HP-fVIII in vitro using the SIV-based vector system. The enhanced expression from the CMV promoter in vitro is not unexpected as the CMV promoter contains the strongest enhancer among the three internal promoters. However, with the stronger enhancer activity, the transactivation of nearby genes is a concern with the use of CMV, as well as the possibility of methylation-induced inactivation of the promoter. Within hemophilia A mice under limiting transduction protocols using an SIV vector without a WPRE, the CMV promoter directed expression of HP-fVIII at therapeutically relevant levels.
Several fVIII transgenes have been studied extensively for use in gene therapy applications of hemophilia A. HP-fVIII overcomes low-level expression obstacles while theoretically reducing the immunogenicity. Although the transgene has been fairly well described, the expression vector has not been as well characterized. In this study, a lentiviral vector was optimized for HP-fVIII expression. Under the conditions tested, the SIV-based lentiviral backbone was found to be more effective for HP-fVIII expression than an HIV-based lentiviral backbone. Within the SIV-based lentiviral backbone, the CMV internal promoter was shown to drive HP-fVIII expression efficiently, but it is realized that this promoter may have complications due to possible transactivation and promoter inactivation. The WPRE was found to be unnecessary and was removed from the lentivector. In vivo data show that the optimized vector provides sustained HP-fVIII expression in hemophilia A mice, supporting its further development for hemophilia A.
MATERIALS AND METHODS Reagents
Dulbecco's modified Eagle's medium (DMEM)/F-12, Aim V medium and StemPro-34 serum-free medium were purchased from Invitrogen Life Technologies (Carlsbad, CA, USA). Heat-inactivated fetal bovine serum was purchased from Atlanta Biologicals (Atlanta, GA, USA). Penicillinstreptomycin solution was purchased from Mediatech (Manassas, VA, USA). Cell transfections were performed with polyethyleneimine purchased from Fisher Scientific (Pittsburg, PA, USA). Plasmids utilized for viral preparation were isolated from bacterial stocks utilizing Qiagen Hispeed midiprep plasmid kits (Qiagen, Valencia, CA, USA). Nucleic acid isolation kits were purchased from Qiagen. Integration events were analyzed using a qPCR SYBR Green Low Rox master mix from Thermo Fisher Scientific (Waltham, MA, USA) an ABI Prism 7000 sequence detection system (Applied Biosystems, Foster City, CA, USA) and oligonucleotide primers synthesized by Integrated DNA Technologies (Coralville, IA, USA). HP-fVIII RNA was quantifed utilizing fVIII RNA standards generated with a mMessage mMachine kit (Ambion, Austin, TX, USA). Northern blots were performed with the digoxigenin nonradioactive nucleic acid-labeling and detection system (Roche, Indianapolis, IN, USA). Human fVIII-deficient plasma and normal pooled human plasma (FACT) were purchased from George King Biomedical (Overland Park, KS, USA). Automated APTT reagent was purchased from BioMé rieux (Durham, NC, USA). Clotting times were measured using an STart Coagulation Instrument (Diagnostica Stago, Asnieres, France). Anti-pfVIII and anti-hfVIII monoclonal antibodies were a kind gift of Dr Pete Lollar (Aflac Cancer Center and Blood Disorder Services, Emory University, Atlanta, GA, USA). Sca-1 þ cells were isolated using magnetic separation columns purchased from Miltenyi Biotec (Auburn, CA, USA). Exon 16-disrupted hemophilia A mice have been previously described. 47 All antibodies for flow cytometry were purchased from BD Pharmingen (San Diego, CA, USA).
Vector production
Expression plasmids containing the HP-fVIII cDNA along with the necessary packaging plasmids were transiently transfected into HEK-293T cells utilizing polyethylenimine (6 mg PEI per 1 mg DNA). A 2:1:1 ratio of expression plasmid to packaging plasmids (expression plasmid: psPAX2:pVSVG) was used to manufacture research-grade HIV-based lentiviral vectors within the LentiMax production system. Research-grade SIV-based lentiviral vectors were manufactured using a 1.3:1:1:1.6 ratio of expression plasmid to packaging plasmids (expression plasmid: pCAG4:pVSVG:pSIV). One day after transfection, the media was replaced with DMEM-F12 containing 10% fetal bovine serum and 1% penicillin/ streptomycin. Conditioned medium from the HEK-293T viral producing cells was collected for the following 3 days, passed through 0.45 mmol l À 1 filter and stored at À 80 1C until concentration. Virus was concentrated by velocity sedimentation upon centrifugation at 10 000 g (4 1C) overnight. Viral pellets were resuspended in 1/100th of the original volume of StemPro media, and filtered through a 0.22-m filter. Viral titer was assessed on HEK-293T cells with increasing vector volumes by qPCR 72 h after viral addition. Unconcentrated viral supernatant had titers ranging from 5 Â 10 5 to 2 Â 10 6 . Concentrated virus ranged from 5 Â 10 7 to 1 Â 10 8 . Virus was stored in 1 ml aliquots at À 80 1C.
Measurement of HP-fVIII transgene copy number
Total genomic DNA was isolated using the DNeasy Blood & Tissue Kit (Qiagen) following the manufacture's protocol for cultured cells. DNA was quantified with a spectrophotometer at an absorbance of 260 nm. To determine transgene copy number, 50 ng of each sample was added to a 25-ml real-time quantitative PCR reaction containing 1 Â SYBR green PCR master mix (Thermo Fisher Scientific, Surrey, UK) and 0.01 mM forward and reverse primers. HP-fVIII specific primers annealing to the A1 porcine domain were utilitzed: forward primer, 5 0 -CAGGAGCTCTTCCGTTGG-3 0 at position 164 and reverse primer, 5 0 -CTGGGCCTGGCAACGC-3 0 at position 239. C t values for each sample were compared with C t values produced Designing lentiviral vectors for gene therapy of hemophilia A JM Johnston et al from plasmid standards of known copy quantities. The equivalent copy number was then divided by 8333, the predicted number of genome equivalents in 50 ng of DNA.
Measurement of HP-fVIII transcript expression
Total RNA was isolated using the RNeasy Mini Kit (Qiagen) following the manufacturer's protocol for animal cells 72 h post transduction. RNA was then quantified spectrophotometrically at an absorbance of 260 nm. HP-fVIII transcripts were measured by quantitative RT-PCR utilizing a porcine fVIII RNA standard as previously described. 48 qPCR reactions were carried out in 25 ml containing 1 Â SYBR green PCR master mix, 300 mM forward and reverse primers, 12.5 units MultiScribe, 10 units RNase inhibitor and 5 ng of sample RNA. Reactions containing the porcine fVIII RNA standard also included 5 ng of yeast tRNA, mimicking the RNA environment of the sample RNA. The oligonucleotide primers utilized for the qPCR reaction annealed within the A2 domain of the fVIII cDNA sequence at positions 1897-1917 for the forward primer (5 0 -ATGCACAGCATCAATGGCTAT-3 0 ) and at positions 2044-2063 for the reverse primer (5 0 -GTGAGTGTGTCTTCATAG AC-3 0 ). One-step real-time RT-PCR was performed by incubation at 48 1C for 30 min for reverse transcription followed by one cycle at 95 1C for 10 min and 40 amplification cycles of 90 1C for 15 s, and then at 60 1C for 1 min. Postreaction dissociation was performed to confirm single-product amplification. C t values for each sample were compared with C t values produced from the porcine fVIII standards having known transcript quantities.
Measurement of HP-fVIII activity from cell lines fVIII activity was measured from the supernatant of cells cultured in AIM V media for 24 h before the assay as previously described. 48 In short, the APTT reagent-based one stage coagulation assay was performed in duplicate for each supernatant on a ST art Coagulation Instrument (Diagnostica Stago, Asnieres, France) within human fVIII-deficient plasma. The clot time for each sample was compared to a standard curve based on dilutions of FACT.
Animals
Exon-16-deleted hemophilia A mice were obtained from Dr Leon Hoyer (Holland Laboratories, American Red Cross, Rockville, MD, USA). B6.SJL (CD45.1) mice were acquired from Dr David Archer (Emory University). Both strains were maintained at the animal care facility of Emory University. All procedures were approved by the Institutional Animal Care Committee at Emory University.
Isolation and transduction of murine stem cell antigen-1 þ cells Whole bone marrow was flushed from the femurs and tibias of 8-to 10-week-old CD45.1 mice and then subjected to positive immunomagnetic bead selection. The isolated sca-1 þ cells were cultured at a density of 10 6 cells per ml in StemPro media supplemented with L-glutamine (29 mg ml À 1 ). For 3 days before transduction, the cells were stimulated with murine stem cell factor (100 ng ml À 1 ), murine interleukin-3 (20 ng ml À 1 ), human interleukin-11 (100 ng ml À 1 ) and human Flt-3 ligand (100 ng ml À 1 ). Cells were transduced twice (MOI 15), 8 h apart, and transplanted via tail-vein injection the following day into lethally irradiated (11Gy TBI using a Gammacell 40 Exactor) 8-to 10-week-old recipient hemophilia A mice (CD45.2). Blood was collected from the transplanted mice every 2 weeks retro-orbitally and fVIII was measured using an ELISA specific for HP-fVIII. The ELISA only detects properly folded HP-fVIII in that the primary antibody detects the heavy chain (human A2 domain) and the secondary antibody detects the light chain (porcine A3 domain). In addition, HP-fVIII was detected from the plasma using a commercially available chromogenic substrate assay (COATEST SP FVIIII) as previously described. 7 
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